Granulocyte colony-stimulating factor (G-CSF) is the major regulator of neutrophil production. Studies in cell lines have established that conserved tyrosines Y704, Y729, Y744, Y764 within the cytoplasmic domain of G-CSF receptor (G-CSF-R) contribute significantly to G-CSF-induced proliferation, differentiation and cell survival. However, it is unclear whether these tyrosines are equally important under more physiological conditions. Here, we investigated how individual G-CSF-R tyrosines affect G-CSF responses of primary myeloid progenitors. We generated G-CSF-R deficient mice and transduced their bone marrow cells with tyrosine "null" mutant (mO), single tyrosine "add back" mutants or wild type (WT) receptors. G-CSFinduced responses were determined in primary colony assays, serial replatings and suspension cultures. We show that removal of all tyrosines had no major influence on primary colony growth. However, adding back Y764 strongly enhanced proliferative responses, which was reverted by inhibition of ERK activitity. Y729, which we found to be associated with the suppressor of cytokine signaling, SOCS3, had a negative effect on colony formation. After repetitive replatings, the clonogenic capacities of cells expressing mO gradually dropped compared to WT. The presence of Y729, but also Y704 and Y744, both involved in activation of STAT3, further reduced replating efficiencies. Conversely, Y764 greatly elevated the clonogenic abilities of myeloid progenitors, resulting in a >10
Introduction
Granulocyte colony stimulating factor (G-CSF) supports the proliferation, survival and differentiation of neutrophilic progenitor cells [1] [2] [3] [4] . G-CSF deficient mice manifest a selective neutropenia, with blood neutrophil levels at 30% of those in wild type (wt) mice. Blood neutrophil levels in mice lacking G-CSF receptors (gcsfr -/-) are also severely reduced, i.e., approximately 15% of wt littermates 5 . In addition, the numbers of myeloid progenitor cells in the bone marrow of gcsfr -/-mice are significantly decreased 5 . These observations have established that the G-CSF-R provides nonredundant signals for maintaining steady-state neutrophil levels 5, 6 . The G-CSF-R belongs to the cytokine receptor superfamily and possesses a single transmembrane region 1 . Signaling molecules downstream of the G-CSF-R include Jak1, Jak2 and Tyk2, the signal transducer and activator of transcription (STAT) proteins, STAT1, STAT3 and STAT5 [7] [8] [9] [10] [11] [12] [13] , the Src kinases p55
Lyn and p56/59 , components of the p21 Ras /Raf/MAPK pathway [17] [18] [19] and the (SH2) domain-containing protein tyrosine phosphatases SHP-1 and SHP-2 [19] [20] [21] . The cytoplasmic domain of human G-CSF-R contains four conserved tyrosine residues, at positions 704, 729, 744 and 764 (equivalent to 703, 728, 743 and 763 in mouse G-CSF-R). Three of these tyrosines are located in the carboxy terminal region implicated in the control of differentiation 22, 23 . Upon receptor activation, these tyrosines are phosphorylated and become docking sites for multiple SH2-containing signaling proteins, e.g., STAT3 (Y704 and Y744), Shc (Y764) and Grb2
(Y764) 21, 24, 25 .
We previously constructed a series of tyrosine (Y) to phenylalanine (F) substitution mutants of the G-CSF-R and expressed these in 32D cells to study their involvement in
For personal use only. on January 15, 2018. by guest www.bloodjournal.org From 4 G-CSF signaling [25] [26] [27] . These studies demonstrated that G-CSF-R substitution mutants lacking just one of the four tyrosines were still fully capable of transmitting differentiation signals in 32D cells 24 . Strikingly, cells expressing mutant Y764F showed significantly accelerated differentiation with a concomitant reduction in proliferation, suggesting that Y764 plays an essential role in controlling the balance between proliferation and differentiation. Recently, similar observations have been made in primary bone marrow cells transduced with chimeric EGFR/G-CSF-R Y764F
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. G-CSF-R lacking all tyrosines (mO) fails to elicit proliferation and differentiation in 32D cells, although survival signals are still transduced 25 . The presence of Y704 or Y744, which serve as major docking sites for STAT3, restored G-CSF-induced proliferation and differentiation to a significant extent 13, 25 . Introduction of Y764, involved in p21 Ras activation and signaling via ERK and p38MAPK pathways 19, 24, 25, 29 , generated strong proliferative signals resulting in exponential growth without neutrophilic differentiation.
A specific function and signaling mechanism(s) linked to Y729 did not emerge from these studies.
The mechanisms by which G-CSF signaling is negatively regulated have not been elucidated. In contrast to e.g., the EPO receptor or GM-CSF/IL-3/IL-5 receptor common chain, G-CSF-R tyrosines do not serve as docking sites for the protein tyrosine phosphatase SHP-1, although negative effects of SHP1 on G-CSF signaling have been reported 20, 30, 31 . Because STAT3 and STAT5 are prominently activated by G-CSF, it is conceivable that suppressor of cytokine signaling (SOCS) proteins, which are under the direct transcriptional control of STATs, are involved in downmodulation of G-CSF responses [32] [33] [34] . The SH2 domain of SOCS1 has a high affinity for JAK kinases and interferes directly with JAK activity 35 . On the other hand, other SOCS proteins, such as [32] [33] [34] .
Although myeloid cell lines have provided useful models for studying G-CSF signaling, these cells are transformed and immortalized and therefore do not fully recapitulate the physiological features of normal myeloid progenitor cells. In the present study, we have employed retroviral transduction of G-CSF-R mutants into bone marrow cells of G-CSF-R deficient mice to investigate how signals emanating from the cytoplasmic tyrosine residues in the G-CSF-R contribute to the clonogenic abilities of primary murine myeloid progenitor cells. We show that tyrosines are dispensable for G-CSF-induced colony formation per se, but individually contribute significantly to both G-CSF-induced colony growth and the maintenance of clonogenicity after sequential replatings. Prominent negative regulatory effects on colony growth were projected by Y729, which we found to be associated with recruitment of SOCS3. Conversely, Y764 greatly enhanced proliferative signals through activation of the Erk kinases.
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Materials and Methods

Cells and culture
Embryonic stem (ES) cells (ES-E14), a gift from M. Hooper, Edinburgh, U.K., were cultured as described 36 . Briefly, cells were grown in culture medium consisting of Dulbecco's Modified Eagle's Medium (DMEM, Gibco-BRL, Breda, The Netherlands), 50% Buffalo rat liver-conditioned medium, 10% fetal calf serum (FCS, ES-qualified, Gibco-BRL) supplemented with 1% nonessential amino acids (Gibco-BRL), 0.1 mM 2-mercaptoethanol (Sigma Chemical Co, St. Louis, MO), 100 U/ml penicillin, 100µg/ml streptomycin (Gibco BRL) and 1000 U/ml leukemia inhibitory factor (LIF; Gibco BRL) in dishes coated with 0.1% gelatin (Sigma G-1890). The cells were passaged every 2 to 3 days.
Targeting construct and probe
The targeting strategy used to inactivate the gcsfr gene is shown in Fig 1 A 0.6 kb Sau3A fragment 5-prime of exon 4 (probe A) was used to screen for homologous recombination, yielding a 9.6 kb band in germ line configuration, and a 7 kb band after homologous recombination. Disruption of the gcsfr-gene by homologous recombination E14 ES cells (10 7 ) were transfected with 25 µg linearized pEUR18 by electroporation using a Progenetor II, PG200 Hoefer Gene pulser set at 350 V/cm, 1200 µF, 10 msec.
The next day, cells were transferred to culture medium containing 200 µg/ml G418 (Gibco BRL), with G418 resistant colonies picked on day 8 or 9 after electroporation.
Genomic DNA of these colonies was digested with HindIII, transferred to nylon membranes, and hybridized to probe A and a neomycin probe. Correctly targeted clones were subjected to cytogenetic analysis and clones with a normal karyotype were used for blastocyst injections.
Generation of gcsfr-knock out mice
Two ES cell clones were injected into blastocysts of C57BL/6 mice. The resulting male chimeras were mated to FVB females to generate gcsfr +/-F1 mice.
Heterozygous gcsfr +/-mice were intercrossed to obtain gcsfr -/-mice. DNA was isolated from tail segments and analyzed by PCR using primers for exon 17 (5'-GTATATCCCTGTGTTCAGGAAACC and 5'-GGCAGGGTCTTCAAGATACAAGG) and primers for the neo gene (5'-TACTCGGATGGAAGCCGGTC and 5'-AGTCGATGAATCCAGAAAAG).
Flow cytometric analysis of G-CSF-R expression
Expression levels of G-CSF-R on neutrophilic cells were measured by flow cytometry.
To this end, G-CSF was biotinylated using D-biotinoyl--aminocaproic acid-Nhydroxysuccinimide ester (Biotin-7-NHS; Boehringer, Mannheim, Germany). 
Construction of G-CSF-R retroviral vectors and virus production
Vectors containing cDNA encoding human G-CSF-R wild-type (WT) and tyrosine substitution mutants have been described previously 13 . Inserts were recloned into the retroviral vector pBABE, containing a puromycine resistance gene. Correct insertion was verified by nucleotide sequencing. Phoenix E virus producer cells (a gift from G. Nolan, Stanford, CA) were transfected with these constructs using Promega Profection
Mammalian Transfection Systems (E-1200). Supernatants containing high-titer, helperfree recombinant viruses were harvested after culturing approximately 80% confluent producer cells for 16-20 hours in DMEM medium (with 5% FCS and Penicillin/Streptomycin) and passed through a 45µm filter before use.
Retroviral infection of hematopoietic progenitor cells
Bone marrow cells were harvested from the femurs and tibiae of 8 to 12 week-old G-CSF-R-deficient mice as described 38 . hrs.
Progenitor cell assays and suspension culture
Bone marrow cells were plated in triplicate at densities of 1x10 5 /mL in methyl cellulose medium supplemented with 30% FBS, 1% BSA, 0.1mM 2-mercaptoethanol, 2mM L-glutamine, and G-CSF (100 ng/ml). To calculate infection efficiencies for the different receptor mutants, cells were also plated in GM-CSF (20 u/ml) containing colony assays, with or without 2.5 µg/ml puromycin (Sigma, Zwijndrecht, The Netherlands). Colonies (30 cells or more) were counted on day 7 of culture. For cytological analysis and replating experiments, colony cells were mass harvested and washed twice in HBSS. Suspension cultures were performed in RPMI (Gibco BRL) supplemented with 10% FCS and 100 ng/ml G-CSF. Every 3-4 days, culture medium was renewed and cells were counted on a Casy R-1 cell counter (Scharfe system, Reutlinger, Germany). Cell densities were kept between 0.3 x 10 6 and 1x10 6 /ml. For inhibitor studies, cells were grown as described above, in the presence of either 10 µM SB203580 or U0126 (Calbiochem, San Diego, CA) dissolved in DMSO, or DMSO as a solvent control. Viable cells were counted daily and every second day cells were spun down and resuspended in fresh media with fresh inhibitor. Cell densities of proliferating cells were kept between 0.5 and 1.5 x 10 6 cells/ml. Cell viability was assessed by flow cytometric analysis (FACScan, Becton-Dickinson, Sunnyvale, CA) using 7-aminoactinomycin D (7-AAD; Molecular Probes, Eugene Oregon, USA)
Reporter assay for SOCS3 effects on G-CSF-R activity
To determine the effects of SOCS3 on the activity of G-CSF-R and mutants, we employed a STAT5 luciferase assay essentially as described previously 40 . 
Results
Generation of gcsfr-deficient mice.
To inactivate the murine gcsfr gene, we constructed a targeting vector in which the genomic sequence spanning exon 7-17 was replaced by a pgk-Neo selection cassette (Fig. 1A) . Two independently isolated ES cell clones were injected into blastocysts and the resulting chimeras were crossed with FVB-mice. Germ line transmission of the knock-out allele was achieved for both clones. Flow cytometric analysis of bone marrow neutrophils using biotinylated G-CSF confirmed the absence of G-CSF-R in gcsfr -/-mice and a 50% reduced expression in gcsfr+/-mice (Fig. 1B) . In agreement with a previously reported gcsfr knockout line 5 , peripheral neutrophil counts in this gcsfr -/-strain are 15-20% of levels found in wild type littermates.
Role of receptor tyrosines in G-CSF-induced colony formation.
To study the involvement of receptor tyrosines in G-CSF-R-mediated signaling in primary hematopoietic cells, we introduced single tyrosine add back mutants, mO, G-CSF-R WT, or BABE control vector (Fig. 2) , into gcsfr -/-bone marrow cells and determined G-CSF responses in colony assays. As predicted, no colonies were formed by gcsfr-/-cells transduced with BABE vector (Fig 3, upper panel) . Cells expressing mO produced colonies at numbers equivalent to cells transduced with G-CSF-R WT.
At first glance, these data would suggest that the receptor tyrosines are fully dispensable for G-CSF-controlled colony growth. However, experiments with the add back mutants unveiled a more subtle scenario. Expression of mA slightly increased colony formation, while colony numbers obtained with mC were similar to mO.
Colony formation induced by mB was reduced by approximately 50%, indicating that Y729 has a negative influence on G-CSF-induced colony growth. Y764 (mD) generated an approximately 6-fold increase in cloning efficiency. Assessment of the (Fig. 3, lower panel) . The latter observation suggests that negative signals emanating from Y729 affect both clonogenicity as well as proliferative potential of the transduced progenitor cells. Morphologic analysis revealed no differences in the composition of colonies induced by the various receptor forms suggesting that the receptor tyrosines are dispensable for G-CSF-induced differentiation (data not shown). 17, 24, 29 .
We therefore studied the effects of the MEK1 inhibitor U0126, which blocks activation of Erk1 and Erk2, and the p38 inhibitor SB203580 on G-CSF-induced proliferation of bone marrow cells expressing mD in suspension culture. As shown in Fig. 6 , addition of U0126 to the cultures inhibited proliferation, while the effects of SB203580 were minimal. These findings establish that Erk kinases are the principle mediators of proliferative signaling via Y764 of the G-CSF-R. 
SOCS3 inhibits G-CSF responses via Y729 of G-CSF-R
Recently, several studies have demonstrated that SOCS3 mediates its inhibitory activity on a variety of cytokine receptors, e.g., leptin receptor and gp130, via binding to receptor tyrosines 42, 43 . Based on structural similarities between G-CSF-R and gp130, we performed a G-CSF-R activity assay based on the onset of STAT5-mediated gene expression, which is activated via the membrane proximal region of G-CSF-R 27 . Introduction of SOCS3 severely interfered with activity of G-CSF-R WT (Fig. 7) . In contrast, under similar conditions, activity of mO was not affected, confirming that one or more of the receptor tyrosines are involved in SOCS3
recruitment. Experiments with single tyrosine add back mutants subsequently showed inhibition only with mB, suggesting that Y729 is the major binding site for SOCS3.
We suggest on the basis of these data that the negative effects generated by Y729 on G-CSF-R signaling are mediated by SOCS3. 47 . Notably, G-CSF-R deletion mutants in patients with severe congenital neutropenia that progress to acute myeloid leukemia lack this motif 48 -50 , which may contribute to the hyperproliferative signaling properties of these receptor forms 51, 52 . orchestrates conflicting signals during G1 to S transition in the cell cycle 54 . In view of this more complex role of STAT3 in the regulation of cell growth, we propose that 
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